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J-proteins are a class of molecular chaperones that serve to stimulate the activity of Hsp70s and are
often located to recruit Hsp70 to a particular cellular function. Protein degradation associated with
the endoplasmic reticulum (ERAD) is one such cellular process that requires Hsp70 on both faces of
the endoplasmic reticulum. At least ﬁve J-proteins, including Jid1 (DnaJ protein Involved in ER-asso-
ciated Degradation), have been implicated in controlling ERAD. Here we show that Jid1 is conﬁned
within the mitochondrial matrix – Jid1 has the same topology as the J-proteins Pam18 and Mdj2,
which stimulate mitochondrial Hsp70 to drive protein import into the mitochondrial matrix. The
location of Jid1 within mitochondria makes it unavailable to participate directly in the regulation
of ERAD.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Molecular chaperones of the Hsp70 family mediate many essen-
tial cellular processes, including protein folding, protein degrada-
tion, disassembly of protein complexes and protein translocation
[1,2]. The activity of Hsp70 chaperones is regulated by co-chaper-
ones of the J-protein family, which stimulate the ATPase activity of
the Hsp70s, enabling this major chaperone to interact with its pro-
tein substrates [2]. A J-domain deﬁnes the J-protein family and is
directly responsible for the stimulation of the ATPase activity of
the Hsp70 [1–3]. J-proteins are classiﬁed as three types, based on
the number of the substrate-interaction domains: Type I have a
Zinc-ﬁnger domain and a glycine/phenylalanine (G/F) rich domain,
Type II have the Zinc-ﬁnger domain, while Type III have no con-
served substrate-interaction domains [3,4].
The unfolded protein response (UPR) regulates gene expression
in response to stress in the endoplasmic reticulum [5,6]. One of
the key inducers of the UPR is the accumulation of misfolded pro-
teins, which can occur when the degradation machinery for mis-
folded proteins is overwhelmed. In response, endoplasmic
reticulum associated protein degradation (ERAD) rids the lumen
of misfolded proteins. This protein degradation depends onchemical Societies. Published by E
Biochemistry & Molecular
Fax: +61 3 9905 3726.
u (T. Lithgow).Hsp70 and J-protein pairs, with unique chaperone requirements
for the degradation of soluble and integral membrane proteins
[7]. The Hsp70 in the lumen of the endoplasmic reticulum, Kar2,
is required for the efﬁcient degradation of misfolded proteins in
the lumen but is dispensable for the degradation of misfolded
yeast membrane proteins [8–10]. In contrast, cytoplasmic Hsp70
is required for the degradation of several ER membrane proteins
but is dispensable for degradation of model luminal proteins
CPY* and paF [9,11].
The chaperone activity of Hsp70 is stimulated by J-protein
partners. Two J-proteins, Scj1 and Jem1, have been identiﬁed in
the lumen of the endoplasmic reticulum where they facilitate
Kar2-dependent solubilization and retro-translocation of soluble
ERAD substrates [12]. On the cytosolic surface of the membrane,
the J-proteins Ydj1 and Hlj1 co-operate with the cytosolic Hsp70
to assist membrane protein degradation [13]. Ydj1 is the major
J-protein in the cytosol that regulates the function of the major
Hsp70. Hlj1 is a tail-anchored protein anchored in the endoplas-
mic reticulum [13,14]. Disrupting the HLJ1 gene is lethal in a yeast
strain carrying a temperature-sensitive allele of ydj1, and overex-
pression of a soluble form of Hlj1 can rescue the phenotype of the
ydj1 mutant cells; both chaperones are able to enhance Hsp70
ATPase activity [13]. Yeast Dhlj1 mutants suffer growth defects
when transformed to express a Huntingtin fragment (HD53Q)
[15] and degradation of a chimeric integral membrane ERAD sub-
strate was diminished in an Dhlj1 strain [10]. This phenotype waslsevier B.V. All rights reserved.
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the JID1 gene (J-protein involved in protein degradation) [10].
It was therefore of interest when the Jid1 protein was suggested
to be located in mitochondria by large-scale proteomic studies
[3,16]. The endoplasmic reticulum and mitochondrial outer mem-
brane make physical contacts in yeast [17–21], and recent work
suggests functional interplay between the membranes of the endo-
plasmic reticulum and mitochondria [22]. A direct explanation for
the function of a mitochondrial protein in ERAD would seem to re-
quire that Jid1 is located in the mitochondrial outer membrane,
from where it could interact with the machinery for protein degra-
dation in the endoplasmic reticulum. We therefore sought to local-
ize and characterize Jid1.
Here we show that Jid1 is a membrane protein located in mito-
chondria, but due to a matrix localization of its J-domain would be
conﬁned to interactions with Hsp70 proteins in the same compart-
ment. Two lines of evidence suggest that any effect of Jid1 on ERAD
is indirect: (i) the transmembrane domain of Jid1 spans the mito-
chondrial inner membrane once, and with the J-domain in the ma-
trix, there is no surface-accessible domain available to interact
with the endoplasmic reticulum and (ii) while DNA microarray
proﬁling has been used to show that efﬁcient ERAD requires an in-
tact UPR, and that UPR induction increases ERAD capacity, in nei-
ther scenario does JID1 gene expression correlate to the
expression of the many other factors directly and indirectly co-reg-
ulated [23]. There are 22 J-proteins in Saccharomyces cerevisiae [3]
and Jid1 is the ﬁfth, and ﬁnal, J-protein interacting with Hsp70 in
the mitochondrial matrix.
2. Materials and methods
2.1. Yeast strains and growth
S. cerevisiae cells were grown in rich medium with (1% (w/v)
yeast extract, 2% (w/v) peptone, and 2% (w/v) glucose [YPD] or
2% (v/v) glycerol [YPG]). A Djid1 yeast strain (his3-11 leu2-3 ura3-
1 ade2-1 trp1-1 can1-100 jid1::Kan-MX6) was generated by direct
gene replacement with one copy of JID1 open reading frame by
using methods described previously [24], followed by sporulation
and dissection and isolation of the haploid cells. A Dpam16/
PAM16 strain (his3-11/his3-11 leu2-3/leu2-3 ura3-1/ura3-1 ade2-1/
ade2-1 trp1-1/trp1-1 can1-100/ can1-100 PAM16/ pam16::Kan-
MX6) was generated by direct gene replacement with one copy
of PAM16 and Dpam18/Pam18 (his3-11/his3-11 leu2-3/leu2-3
ura3-1/ura3-1 ade2-1/ade2-1 trp1-1/trp1-1 can1-100/can1-100
PAM18/ pam18::Kan-MX6) was generated by direct gene replace-
ment with one copy of PAM18.
2.2. Plasmid construction
For the Jid1HA construct, the JID1 open reading frame was
ampliﬁed by PCR from genomic DNA and cloned into pMET25
3HA vector [14]. To construct Jid1D94N, the JID1 open reading
frame was ampliﬁed by PCR, with the single D94N mutation en-
coded in the oligonucleotides used for the overlap PCR, and the
PCR product was cloned into p416MET25HDEL [14]. To construct
a plasmid for over expression of Jid1, the JID1 open reading frame
was ampliﬁed by PCR from genomic DNA and cloned into pYX233
(kindly provided by John Leighton), placing it under the control of
the galactose-inducible GAL1 promoter. For in vitro expression, the
JID1 open reading frame was ampliﬁed by PCR and cloned into the
plasmid pSP72 (Promega). Jid1(1–54)DHFR was generated by
amplifying the region coding for residues 1–54 of Jid1 from geno-
mic DNA by PCR and cloning the fragment into a modiﬁed version
of the pSP72 plasmid, resulting in continuous open reading frame
with the sequence of murine dihydrofolate reductase (DHFR).2.3. Growth and viability rescue assays
Cells were grown in rich media (YPD) to mid-logarithmic phase.
Cells were diluted to OD600 nm of 0.04 units followed by a series
of ﬁvefold dilutions and spotted onto the indicated plates and incu-
bated for 2–5 days. Dpam16/Pam16 and Dpam18/Pam18 cells were
transfected with pYX233Jid1 plasmid, sporulated and dissected
onto YPGal plates, and then incubated for 3–5 days.
2.4. Isolation of mitochondria and in vitro protein import
Mutant yeast strains and their corresponding wild-type control
strains were grown in parallel in YPG medium at 30 C. Mitochon-
dria were isolated by differential centrifugation and protein import
assays were performed as described previously [25].
3. Results
3.1. Jid1 is imported into mitochondria and processed in two steps
J-proteins are classiﬁed as Type I, Type II or Type III [3,4] and
Jid1 is a Type III J-protein. In addition to the deﬁning J-domain (res-
idues 54–162), the N-terminus of Jid1 is predicted to form a mito-
chondrial targeting signal (MITOPROT) and residues 210–228 are
predicted to form a transmembrane helix (DAS). The domain struc-
ture of Jid1 is compared to that of the other mitochondrial J-pro-
teins from yeast: Mdj1, Mdj2, Pam18, and Jac1, and the J-like
protein Pam16, in Fig. 1A.
To determine whether Jid1 can be imported into mitochondria
in vitro, full-length Jid1 was labelled with [35S]-methionine and
incubated with mitochondria isolated from yeast. Jid1 was im-
ported into the mitochondria, as judged by its protection from
added proteinase K, and is processed in two steps (Fig. 1B). Import
of Jid1 depends on the transmembrane potential across the inner
membrane, since the protein was not imported when the trans-
membrane potential was dissipated (Fig. 1B). To test whether the
predicted mitochondrial targeting signal at the N-terminus of
Jid1 could target proteins to mitochondria, we fused the ﬁrst 54
residues of Jid1 to the passenger protein DHFR. Jid1(1–54)DHFR
is imported into the mitochondrial matrix (Fig. 1C), and this import
reaction is dependent on the transmembrane potential across the
inner membrane (Fig. 1C). Processing of Jid1(1–54)DHFR occurs
in one step, removing 5 kDa from the fusion protein, suggesting
the second processing step of Jid1 is context-dependent.
3.2. The J-domain of Jid1 is exposed in the mitochondrial matrix
To determine the topology of Jid1 in mitochondria, we needed
to detect the termini of the protein independently of each other.
Antibodies that would recognize the N-terminus of processed
Jid1 were raised against the J-domain (residues 54–162 of Jid1).
An HA-epitope was added to the C-terminus of Jid1 and the fusion
expressed in Djid1 yeast. Mitochondria were isolated from these
cells, and mitochondrial compartments sequentially exposed to
Proteinase K, and analysed by western blotting using the N-termi-
nal speciﬁc anti-Jid1 antibodies or C-terminal speciﬁc anti-HA anti-
bodies (Fig. 2A). When the mitochondrial outer membrane was
exposed to Proteinase K, proteolysis of internally localized proteins
did not take place, but as expected the outer membrane protein
Tom20 was degraded (Fig. 2A). Under hypo-osmotic conditions,
the outer mitochondrial membrane was ruptured and the inter-
membrane space protein cytochrome b2 (Cyb2) was degraded by
Proteinase K. Under these conditions the Jid1 protein was partially
digested suggesting that at least part of this protein is exposed to
the intermembrane space. This smaller digested form of Jid1 could
be detected with the anti-Jid1 antibody but not by the anti-HA
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Fig. 1. Domain organization and in vitro import of Jid1 (A) The domain structure of
Jid1 and other mitochondrial J-proteins and Pam16. Each protein contains a J-
domain or J-like domain (green), with other domains shown: Zinc-ﬁnger domain
(red) and G/F rich domain (blue) [4]. (B) Mitochondria (50 lg protein) were
incubated with [35S] labelled Jid1 for the indicated time and analysed by SDS–PAGE.
Precursor was processed to intermediate (i) and mature (m) forms. (DW) Refers to
reactions pretreated with 0.1 lM Valinomycin. (C) Mitochondria were incubated
with [35S] labelled Jid1(1–54)DHFR for the indicated times and then analysed by
SDS–PAGE. Precursor (p) was processed to a faster-migrating form (m). (DW)
refers to reactions pretreated with 0.1 lM Valinomycin. (M) refers to mitochondria
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Fig. 2. Jid1 is an integral protein of the mitochondrial inner membrane, with the J-
domain exposed to the matrix. (A) Mitochondria isolated from yeast expressing
Jid1HA were exposed to Proteinase K in import buffer, hypo-osmotic buffer (10 mM
MOPS – ‘‘M”) or with 1% Triton X-100 (‘‘TX”) and resolved by SDS–PAGE. Proteins
were detected by western blotting. (B) Mitochondria were treated by sodium
carbonate pH 11.5 and Triton X-100 and centrifuged at 100,000g. Samples were
resolved by SDS–PAGE and proteins detected by western blotting. (T) Total,
untreated mitochondria; (S) supernatant; (P) pellet. (C) A model of Jid1 topology:
the C-terminus (yellow) is located in the intermembrane space, the J-domain
(green) is located in the matrix, with the hydrophobic region (black) spanning the
inner mitochondrial membrane. (OM) outer mitochondrial membrane; (IMS)
intermembrane space; (J) J-domain.
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graded by the protease while the N-terminus was not accessible
for degradation whilst the inner membrane was intact. In the pres-
ence of detergent, all mitochondrial compartments were accessible
to Proteinase K, and Jid1 was completely degraded, as was the ma-
trix-localized Atp2 (Fig. 2A). These results suggest that the C-ter-
minus of Jid1 is located in the intermembrane space, and that
the N-terminus is located in the mitochondrial matrix. The smaller
fragment present upon degradation of the intermembrane space
proteins is approximately 10 kD smaller than the full-length form,
suggesting that Jid1 contains an intermembrane space of approxi-
mately 7 kD (when the size of the 3HA-epitope is subtracted), and
that it spans the inner mitochondrial membrane.
To conﬁrm that Jid1 is anchored in the mitochondrial inner
membrane, isolated mitochondria were treated with Na2CO3 and
Triton X-100 and high speed ultra-centrifugation (Fig. 2B). Upon
Na2CO3 treatment, Jid1 was found in the insoluble fraction, like
the integral membrane protein Tom20, while peripheral mem-
brane protein Atp2 was found in the soluble fraction. Upon Triton
X-100 treatment, all three proteins were found in the soluble frac-
tion (Fig. 2B). These observations demonstrate that Jid1 is an inte-
gral membrane associated protein.The results of both the Proteinase K protection assays and the
carbonate extraction assays are in concurrence with the prediction
that Jid1 has a transmembrane domain (Fig. 2C). Jid1 is anchored in
the inner mitochondrial membrane by a transmembrane domain
between residues 210 and 228. This results in an intermembrane
space domain of approximately 7 kD at the C-terminus and a larger
N-terminal segment in the mitochondrial matrix. The J-domain is
located in the mitochondrial matrix, consistent with the presence
of three Hsp70 proteins in the same compartment. The topology
of Jid1 is equivalent to that of Mdj2, Pam18 and Pam16.
3.3. The growth phenotype of Djid1 mutants is not consistent with a
role in the UPR
To assess the growth phenotype of Jid1 mutants, Djid1 cells
were grown on YPD and YPG at 25 C, 30 C and 37 C. No obvious
growth defects were observed (Fig. 3A). To further probe the role of
Jid1 in mitochondrial function, we overexpressed a mutant with
the inactivated J-domain from a 2l vector in Djid1 background.
In the mutant protein, the catalytic HPD motif was changed to
HND, yielding Jid1D94N. The growth of the yeast cells overexpress-
ing Jid1D94N was indistinguishable fromwild-type cells under con-
ditions tested (Fig. 3B).




















Fig. 3. Yeast jid1 mutants have no obvious growth defects. (A) Equal cell numbers
of wild-type orDjid1 yeast were serially diluted onto medium containing glucose or
glycerol as a carbon source and incubated at 25 C, 30 C or 37 C. (B) Equal cell
numbers of wild-type or Jid1D94N yeast were serially diluted onto medium
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Fig. 4. Jid1 loss of function does not affect protein import into mitochondria under
standard conditions. (A) Mitochondria from wild-type and Djid1 cells were isolated
and incubated at 25 C with [35S] labelled precursors for the indicated time, then
treated with 25 lg/ml proteinase K to degrade surface-associated proteins, and
analyzed by SDS–PAGE and digital autoradiography. (B) Mitochondria from wild-





Fig. 5. Overexpression of Jid1 cannot rescue Dpam18 or Dpam16 cells. Heterozy-
gous diploid PAM16/Dpam16 and PAM18/Dpam18 yeast cells were transformed to
overexpress Jid1. After sporulation, tetrads of haploid spores were dissected. Only
two, wild-type, viable colonies arose from any given tetrad.
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mutants
The J-proteins Pam18, and Mdj2, and Pam16 have the same
topology as Jid1 in the mitochondrial inner membrane; a trans-
membrane segment anchors the J-domain on the matrix surface
of the inner membrane [26–30]. Pam16, Pam18 and Mdj2 are sub-
units of the PAM complex, which is the preprotein-associated mo-
tor complex that drives protein import into mitochondria [31]. We
therefore tested whether Jid1 plays a role in the protein import
into mitochondria. Mitochondria were isolated from wild-type
and Djid1 cells and rates of import of in vitro synthesized [35S]-
methionine labelled precursors were compared. Import rates of
the matrix targeted Su9DHFR and Atp2, the inner membrane pro-
tein Mir1 and the intermembrane space protein Cyb2 were indis-
tinguishable between wild-type and Djid1 mitochondria (Fig. 4A).
We also compared the rate of import of these precursors be-
tween wild-type and Jid1D94N mutant mitochondria and found
no obvious differences (Fig. 4B). We conclude that Jid1 does not
play a critical role, if any, in the protein import process.
The possibility remained that Jid1 plays an ancillary role in the
PAM complex. To address this issue, we sought to establish
whether overexpression of Jid1 could restore viability to Dpam16
or Dpam18 yeast cells. Jid1 was placed under control of GAL1 pro-
moter and expressed from a 2l vector in PAM16/Dpam16 and
PAM18/Dpam18 cells that were induced to sporulate and dissected
onto rich growth medium containing galactose. Only two wild-
type colonies were formed, indicating that overexpressing Jid1
was not able to suppress the loss of either Pam16 or Pam18 (Fig. 5).
4. Discussion
Jid1 was proposed to play a role in ERAD, where its action was
limited to a speciﬁc class of membrane bound substrates [10]. To
act directly in ERAD, Jid1 would have to stimulate Hsp70 chaper-
ones located in the cytosol. However, we demonstrated that Jid1is an integral protein of the mitochondrial inner membrane, and
that its catalytic J-domain is exposed in the mitochondrial matrix.
The small defect previously observed in ERAD [10] appears now to
be a secondary consequence of Jid1 loss of function, and fully com-
pensated for as long as Hlj1 and Cwc23 remain intact.
With the identities of all yeast J-proteins known [3], Jid1 is the
ﬁfth and ﬁnal member of this protein family in mitochondria. Two
of these J-proteins are anchored in the inner membrane and func-
tion in mitochondrial protein import [28,30,32,33], and we tested
wether the disruption of JID1 affects this process. There is no evi-
dence that depletion of Jid1 affected the mitochondrial protein im-
port pathway mediated by either the TIM22 or TIM23 complexes.
Nor did over expression of Jid1 restore the protein import capacity
of either Dpam16 or Dpam18 mitochondria. We conclude that Jid1
is not an important factor in import of mitochondrial proteins into
the matrix.
The topology of Jid1 necessitates that its interacting partner is a
matrix Hsp70 chaperone. J-proteins can stimulate different
Hsp70s, and a given Hsp70 can have several J-protein partners.
Since jid1mutant cells do not exhibit any growth phenotype under
2958 D. Bursac´, T. Lithgow / FEBS Letters 583 (2009) 2954–2958standard conditions, we were unable to determine which of the
three mitochondrial matrix Hsp70s is the partner protein for Jid1.
Why do yeast cells with inactivated Jid1 show no obvious
growth defects? Pena-Castillo and Hughes [34] have proposed that
some yeast genes whose inactivation does not affect cellular
growth may not be expressed. That possibility can be dismissed,
since a-Jid1 antiserum detected the protein in mitochondria.
Orthologues of Jid1 are found in all Ascomycete fungi, with this con-
servation of the protein implying conservation of its function
across all these species of fungi. In mitochondrial terms, this might
include a function in assembly of the atypical elements of the elec-
tron transport chain found in ascomycetes. Whatever its precise
role, the full extent of cellular disfunction resulting from Jid1
depletion might not be assessable under laboratory conditions. In
the wild, yeast cells live under signiﬁcantly more marginal condi-
tions than are ever tested in a laboratory. Temperature, humidity,
electromagnetic radiation, resource abundance, competing organ-
isms and other factors challenge the cellular machinery, and genes
that seem dispensable under laboratory conditions may play a
more important role in the wild [34].
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